A simple method of depositing morphology-and phase-tailored thin films of copper(I) oxide and metallic copper from [Cu(dmae)(TFA)] 4 ÁCH 2 Cl 2 (1), where dmae is N,N-dimethylaminoethanolato and TFA is trifluoroacetato, on glass substrates by aerosol-assisted chemical vapour deposition is demonstrated. The tetrameric precursor 1 was synthesized and its structure was determined by single-crystal X-ray crystallography. Precursor 1 was applied for the deposition of nanostructured thin films of copper(I) oxide and copper nanowires at 250 and 3758C respectively. The deposited thin films were characterized by powder X-ray diffraction, field emission scanning electron microscopy, energy-dispersive X-ray diffraction, and ultraviolet-visible spectroscopy. The results indicate that the phase and morphology of the deposited material are strongly dependent on deposition temperature. UV-vis studies reveal that copper(I) oxide films with a band gap of 2.48 eV may find possible applications in tandem photoelectrochemical devices as light-absorbing material.
Introduction
Copper has a wide range of diverse applications in the electronic industry, communications, and electrical power lines, and many more due to its high thermal and electrical conductivity and considerable resistance to atmospheric corrosion. [1] Copper is a preferred choice for use in plumbing and transport of potable water not only because of its exceptional corrosion resistance, but also owing to its biocidal effects on some bacterial species. [2] Less resistive copper metal has replaced aluminium in Al thinfilm wiring in order to decrease resistive-capacitive (RC) delay. [3] Copper-based materials (Cu, Cu 2 O, CuO) having dimensions of the order of a few nanometers have received considerable interest in the last few decades. [4, 5] They have potential applications in sensors, superconductors and semiconducting devices. [6, 7] Cu 2 O, CuO, and Cu 2 O/CuO (mixed phase) nanocomposite thin films have been proved to be an ideal material as the anode for Li ion batteries, [8] while Cu 2 O is a p-type semiconductor and is a potential candidate for photovoltaic devices.
[5] Similarly, copper nanostructures possess excellent catalytic and optical properties. [8] Recent efforts [9] to synthesize nanostructures with well-defined geometries have opened up new possibilities for developing copper-based nanomaterials and thin films by sonochemical, hydrothermal, electrodeposition, [10] and solution methods. [11, 12] Arrays of copper nanorods have been synthesized by these preparative routes; however, they do not control the size, shape and structure of the as-prepared copper-based nanostructures. Moreover, all these methods rely on a dual source, which often results in mixed phases of Cu 2 O-CuO in deposited material. The properties of nanostructured materials vary with composition, size and shape; [9] therefore for technological applications, a strict control of these properties is always desirable.
Single-source molecular precursors (SSPs) have been of considerable interest for the deposition of thin films by chemical vapour deposition (CVD). Air and moisture stability, ease of handling, comparatively low toxicity, and lower decomposition temperatures are unique features that make them versatile for coating and depositing thin films. Further, the use of only a single-source molecular precursor in the CVD supply stream minimizes the probability and extent of pre-phase reaction and contamination in deposited films. Moreover, intrinsic control of the film stoichiometry can also be realized by employing SSPs. [13] Numerous aminoalkoxide and aminoalkoxide carboxylate complexes of transition metals have been synthesized and used for CVD applications. [14, 15] Here, we report the synthesis and characterization of a new tetranuclear complex, namely [Cu(dmae)(TFA)] 4 ÁCH 2 Cl 2 (1), where dmae is N,N-dimethylaminoethanolato and TFA is trifluoroacetato, which was used to fabricate thin films by aerosolassisted chemical vapour deposition (AACVD) on glass substrates. The deposited films' phase, crystallinity and morphology were characterized. We believe that the strategy adopted in this work will open up a new path to control the texture, morphology, and nanostructure of copper-based materials fabricated using similar techniques such as spray pyrolysis, aerosol synthesis, combustion synthesis, and flame deposition using precursor 1 or similar SSPs.
Results and Discussion
Synthesis and Characterization Cu(OCH 3 ) 2 reacts with N,N-dimethylaminoethanol (dmaeH) and trifluoroacetic acid (TFAH) in a 1 : 1 : 1 molar ratio to give complex 1 in THF at room temperature as shown in Eqn 1.
The progress of the reaction was indicated by the dissolution of Cu(OCH 3 ) 2 in the reaction mixture to give a clear greenishblue solution. The complex was successfully isolated from the greenish-blue solution and characterized by melting point, elemental analysis, Fourier-transformation infrared (FT-IR) spectroscopy, mass spectrometry, and single-crystal X-ray diffraction. In the FT-IR spectrum of 1, characteristic bands at 1414 and 1593 cm À1 are asymmetric and symmetric CO 2 vibrations caused by TFA. The difference (Dn) between n asy CO 2 and n sy CO 2 vibrations suggests the carboxylate unit of the TFA ligand to be bridging. The absorption bands attributed to the m-dmae (n(C-H)) are clearly observed in the range 2800À3000 cm À1 and the absorption band at ,530 cm À1 is assigned to Cu-O, which is consistent with reported values. [16] The spectrum of 1 was also characterized by two strong absorptions in the range 1120À1210 cm À1 due to the presence C-F and C-O bonds, corresponding to TFA ligands. The low-frequency absorptions in the spectrum are due to the n(Cu-N) vibrations. [17] In the atmospheric pressure chemical ionization-mass spectra (APCI-MS), complex 1 does not show a molecular ion peak; however, it is believed that this cubane-like caged complex breaks down into various ions of different m/z ratios with the base peak at m/z 860.7 corresponding to [Cu 4 (dmae) 3 (TFA) 3 ] þ . This disintegration of 1 indicates its low stability under MS conditions.
Single-crystal Structure Analysis
The molecular structure of 1 is shown in Fig. 1a and the selected geometrical data are listed in Table 1 . The single-crystal X-ray structure shows that the asymmetric unit of complex 1 is tetranuclear. In the solid-state structure, four Cu atoms are bridged by dmae oxygen atoms and all four dmae ligands are bonded to Cu atoms in a chelating or bridging fashion. The oxygen atoms of all four dmae ligands bridge three Cu atoms (Fig. 1b) in a similar fashion to that found in [Cu(dmae)Cl] 4 , [16] i.e. O(7) bridges Cu(1), Cu(2), Cu (3) 
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Thermogravimetric Studies
The thermal decomposition behaviour of complex 1 was examined by thermogravimetric analysis (TGA) and differential thermogravimetric (DTG) measurements in the temperature range 25-5508C under an inert atmosphere of argon gas (130 mL min
À1
) at a heating rate of 108C min À1 (Fig. 2) . The TG curve of 1 shows a two-step weight loss beginning at 1958C and completed at 4808C, resulting in a residue of 23.46 % of the initial mass, which is slightly less but comparable with 24.01 % calculated for copper metal. It is believed that the slow decrease in residual mass between 259 and 4808C indicates first the formation of copper(I) oxide and then conversion to copper metal as the residual mass (27.59 %) at 2598C is comparable with that of 27.03 % calculated for copper(I) oxide. The DTG curve also shows two major stages of weight loss, i.e. 230 and 4158C. The formation of both copper(I) oxide and copper phases was ascertained by powder X-ray diffraction (PXRD) of films deposited separately on glass substrates at 250 and 3758C respectively from complex 1. The TG analysis of the complex recorded under an inert atmosphere clearly indicates that complex 1 is a potential precursor for the deposition of copper nanowires. Thus, the new, robust precursor 1 is suitable for obtaining copper metal wires at the relatively low temperature of 3758C.
Thin-film Studies
By utilizing the thermal decomposition information obtained from the TGA data, thin films of copper(I) oxide and metallic copper were deposited by the AACVD method at 250 and 3758C using precursor 1. The thin films of copper(I) oxide and metallic copper prepared from precursor 1 were characterized by XRD, scanning electron microscopy (SEM), and energy-dispersive X-ray diffraction (EDX). The deposited thin films exhibit good adhesion to the glass substrates as verified by the 'Scotch-tape test'.
[18b] Moreover, the films deposited at 2508C reflect light in multi-shaded colours depending on thickness, and the denser parts of the films deposited at 3758C shine in the red metallic lustre characteristic for copper.
Powder X-ray diffraction analysis was used to ascertain the crystallinity and phase of thin films deposited from complex 1 at 250 and 3758C. The fingerprints of the powder X-ray diffractograms of the materials obtained from the decomposition of the precursor indicate the formation of impurity-free single-phase copper(I) oxide [19] (Fig. 3a) and pure copper metal (Fig. 3b) . The 2y peak pattern shows the decomposition of the complex at 2508C yielding copper(I) oxide as the cuprite syn with the cubic space group pn3 m, and cell parameters a 
All the peaks were indexed with their respective Miller indices and the maximum intensity of the (111) peak indicates that the particles are oriented in the (111) direction in both cases. The volume-average mean crystallite sizes of copper(I) oxide and copper determined from broadening of the (111) diffraction peak by the Scherrer equation [20] are 76 and 39 nm respectively. The identified copper(I) oxide and copper phases are highly crystalline and this observation suggests that the decomposition of complex 1 proceeds with the removal of volatiles.
The surface morphology of deposited thin films was characterized by SEM. The film deposited from precursor 1 (Fig. 4) at 2508C shows a compact morphology consisting of irregularshaped nanoparticles emerging from the substrate surface with random orientation, whereas the SEM image of the films obtained at 3758C shows the formation of wire-like structures of copper, randomly oriented and having lengths of 0.1-4.5 mm and diameters of 0.09-0.22 mm. The calculated aspect ratio of these wires lies in the nanometer range (1.1-20.4). The EDX analysis (Fig. 5 ) of the films deposited at 3758C from complex 1 proves the presence of only metallic copper. Furthermore, the EDX analysis proves the clean decomposition of the complex without incorporation of impurities either from organic groups of the complex or the carrier gas and confirms the formation of single-phase thin films.
Optical Studies of Thin Films
The optical properties of nanomaterials, such as refraction, reflection, absorption, and transmission, depend on their interaction with electromagnetic radiation. The energy band gap of a semiconductor is affected by residual strain, defects, charged impurities, disorder at the grain boundaries, and also particle size restrictions. [21] In order to study the optical properties of the deposited thin films, UV-vis analysis was carried out. The optical band gap (E g ) of the as-deposited films was estimated by plotting (ahu) 2 versus hu, where a is the absorption coefficient and hu is the photon energy. Extrapolation of the linear portion of the curve to (ahu) 2 ¼ 0 gives the value of the optical band gap. The optical band gap of the copper(I) oxide thin film obtained from precursor 1 at 2508C is estimated as 2.48 eV (Fig. 6a inset) . This value is higher than the bulk value (copper(I) oxide, 2.1 eV), showing a significant blue shift (0.38 eV). [22] This marked value of blue shift can be attributed to the formation of nanosized structures in films deposited at 2508C from precursor 1. Similarly, film deposited at 3758C was characterized by UV-vis spectroscopy. The absorption spectrum (Fig. 6b) of the film deposited at 3758C showed a shoulder at 610 nm, which is caused by plasmonic resonance absorption (PRA) of nanostructures of copper and this recorded value is in good agreement with literature values.
[23]
Conclusions
We have successfully shown that single-phase copper(I) oxide and metallic copper thin films can be deposited from the single-source polynuclear complex [Cu(dmae)(TFA)] 4 UCH 2 Cl 2 1 by controlling the deposition temperature of the AACVD system. Complex 1 was synthesized and characterized by various physicochemical methods. The thin films of copper(I) oxide and metallic copper deposited on soda glass substrates at 250 and 3758C display spherical and wire-like morphologies respectively. Thus, the morphology and particle size of the deposit can be tuned by employing a suitable deposition temperature. The band gap of copper(I) oxide thin films obtained from 1 was determined to be 2.48 eV, showing a significant blue shift in comparison with the bulk value (2.1 eV). Hence, it is hoped that such thin films will prove to be suitable lightabsorbing materials for tandem photoelectrochemical devices.
Experimental

General Considerations
All reagents were purchased from Sigma-Aldrich and synthetic work was carried out under an inert atmosphere of dry argon gas using Schlenk and glovebox techniques. Solvents were rigorously dried over sodium diphenyl ketyl. N,N-Dimethylaminoethanol was dried by refluxing over anhydrous K 2 CO 3 for 10 h and distilled immediately before use, and Cu(OCH 3 ) 2 was prepared by a literature procedure. [24] Elemental analysis was performed on a CHN LECO model CHNS-932 analyser. The melting point was determined by the capillary tube method using an electrothermal melting point apparatus (MPD Mitamura Riken Kogyo) and is reported as recorded. The FT-IR spectrum was recorded as KBr pellets on a Bio-Rad Excalibur model FTS 300 MX spectrometer, in the frequency range 4000-400 cm
À1
. Controlled thermal analysis of the complex was investigated using a Seiko SSC/S200 thermal analyser at a heating rate of 108C min À1 under N 2 flow. The mass spectrum was recorded on a mass spectrometer (model 3100 Synapt SQ/TQ, Platform II; Micromass, Manchester, UK). The phase and crystallinity of deposited films were characterized by means of a Bruker AXS D8 diffractometer using monochromatic Cu-K a (l ¼ 0.154184 nm) radiation on which a range of 2y (from 10.008 to 90.008) was scanned, to cover the diffraction pattern of both copper(I) oxide and metallic copper phases. Surface morphology of the films was determined by a FEG-SEM Philips XL30. Samples were carbon-coated before observation and an EDX-DX4 (Philips) energy-dispersive X-ray diffraction scanning electron microscope was used to determine the composition of the films. A UV-1800 Shimadzu UV-vis spectrophotometer was used to measure the optical properties of copper(I) oxide and copper thin films. A soda-glass substrate was placed in the reference optical path; thus, the absorbance measurements included only the contribution from copper(I) oxide thin films.
Synthesis of [Cu(dmae)(TFA)] 4 UCH 2 Cl 2 1 N,N-Dimethylaminoethanol (0.71 g, 7.96 mmol) and trifluoroacetic acid (1.07 g, 7.96 mmol) were added to a suspension of Cu(OCH 3 ) 2 (1.00 g, 7.96 mmol) in tetrahydrofuran (THF, 20 mL). The reaction mixture was stirred for 2 h at room temperature and then evaporated to dryness under vacuum. A small quantity of the solid obtained was re-dissolved in dichloromethane (30 mL) and kept for crystallization at 158C to give blue crystals of 1 after 5 days, yield 70 %, mp 2108C. Anal. Calc. for C 24 
X-Ray Crystallography
Single-crystal X-ray data measurements were made using graphite monochromated Mo K a radiation on a Bruker Apex diffractometer. The structure was solved by direct methods [25] and refined by full-matrix least-squares on F 2 .
[26] All nonhydrogen atoms were refined with anisotropic atomic displacement parameters. Hydrogen atoms bonded to C were placed in calculated positions, assigned isotropic thermal parameters, and allowed to ride on their parent carbon atoms. Those bonded to the C atom of CH 2 Cl 2 in 1 were found by difference Fourier methods and refined isotropically. Crystallographic and structure refinement data for complex 1: empirical formula: C 25 
Thin-film Deposition
The copper(I) oxide and copper thin films were grown on sodaglass substrates in a hot-walled reactor containing a quartz tube (1.5-cm diameter), by gas-phase reaction of the precursor in an argon environment using a self-designed AACVD assembly described elsewhere. [27] In a typical experiment, 0.1 g of precursor 1 dissolved in 15 mL THF in a two-neck round-bottomed flask was connected via rubber tubing to a quartz reactor into which 2.5 Â 1-cm substrate slides were placed inside a Carbolite tube furnace, and a flow of argon gas was regulated using a Platon flow gauge on the other neck. The flask was mounted on a piezoelectric modulator of an ultrasonic humidifier for atomization of the precursor solution to tiny droplets of aerosol that were ultimately transferred by the carrier gas into the reactor chamber. Glass substrates were treated with concentrated nitric acid, followed by several washings with deionized water, and then oven-dried at 1008C before placing into the deposition chamber. Deposition was carried out at 250 and 3758C at a constant argon flow rate of 130 mL min 
